The MYC oncogene, which is frequently deregulated in human cancers, encodes a master transcription factor cMyc (herein termed Myc) that integrates cell proliferation with metabolism through its regulation of thousands of genes including microRNAs (miRNA). In addition to its known function in regulating the cell cycle and glucose metabolism, recent studies document a role for Myc in stimulating glutamine catabolism, in part through the repression of miRNAs miR-23a and miR-23b. These observations suggest an additional level of complexity in tumor metabolism, which includes the commensal metabolic relationship between hypoxic and nonhypoxic regions of tumors as well as the surrounding stroma. Thus, a reevaluation of cancer metabolism considering glutamine catabolism with a better understanding of the tumor histological complexity is needed before cancer metabolism can be effectively targeted in therapy. Cancer Res; 70(3); 859-62. ©2010 AACR.
For more than 80 years, the Warburg effect, which describes the propensity for cancer cells and tissues to take up glucose avidly and convert it almost exclusively to lactate (aerobic glycolysis), has been the central tenet of cancer cell metabolism (1, 2) . The importance of aerobic glycolysis is underscored clinically by the distinct phenotype of high glucose uptake documented by positron emission tomography (PET) scanning of human cancers with radiolabeled 2-deoxyglucose, and molecularly by the deregulation of oncogenes and tumor suppressors that results in cell-autonomous changes promoting the conversion of glucose to lactate. However, not all cancers are PET-positive, and not all models of neoplastic transformation are associated with increased aerobic glycolysis; in fact, a few have increased mitochondrial function. Along with previous studies documenting that Myc induces mitochondrial biogenesis, the recent findings that glutamine catabolism is stimulated by Myc forces us to rethink the prevailing models of cancer metabolism, particularly if these alterations are to be exploited for therapeutic purposes.
The Warburg effect describes the high flux of glucose through glycolysis, which converts hexoses to trioses, a source of glycerol for lipid synthesis, ending with pyruvate that is converted to lactate. This process results in a high output of lactate even with adequate oxygen levels (Fig. 1A) . Glucose may also be catabolized through the pentose phosphate pathway to generate NADPH for redox homeostasis and ribose for nucleotide biosynthesis. In the presence of oxygen, pyruvate can be converted by pyruvate dehydrogenase (PDH) to acetyl-CoA for further oxidation through the tricarboxylic acid (TCA) cycle. The conversion of pyruvate to acetyl-CoA is blocked when pyruvate dehydrogenase kinase 1 (PDK1) is up-regulated. The PDK1 kinase is induced under hypoxic conditions by the hypoxia inducible transcription factor HIF-1 and functions to phosphorylate and inactivate PDH. Less well celebrated as an energy source and anabolic source of carbon and nitrogen is glutamine (Fig.  1A) , the amino acid with the highest circulating concentration in human blood. Glutamine is taken up by cells and may be used as an amino acid for protein synthesis, although it is primarily converted to glutamate by glutaminase. Glutamate is then converted to α-ketoglutarate, an oxidative substrate for the TCA cycle. Glutamine can also be converted to pyruvate and then to lactate through malate, a TCA cycle metabolite of α-ketoglutarate, in a less well understood process termed glutaminolysis (Fig. 1A) . Thus, glutamine can serve as an important source of cellular energy and anabolic carbon and nitrogen.
For the past two decades, many studies of oncogenic alterations of metabolism have suggested that cell autonomous changes due to the activation of oncogenes or loss of tumor suppressors are key drivers for the high conversion of glucose to lactate. These include early studies that documented the association of Src-and Ras-transformation with increased glucose transporter expression and the direct trans-activation of the LDHA (lactate dehydrogenase A) gene by the MYC oncogene (Fig. 1A) . Later studies linked Ras, VHL, and mutations of isocitrate dehydrogenase 1, succinate dehydrogenase, and fumarate hydratase to the activation of HIF-1, even in normoxia, which in turn induces glycolytic enzyme gene expression (3) (4) (5) (6) . Furthermore, the Akt oncogene was shown to stimulate glycolysis post-transcriptionally, and the p53 tumor suppressor emerged as another regulator of mitochondrial function and glycolysis, such that loss of p53 is associated with enhanced glycolysis (3). Collectively, these observations could be neatly packaged to support the notion that activation of oncogenes and loss of tumor suppressors result in the induction of cell autonomous aerobic glycolysis, independent of hypoxia, or the Warburg effect. However, there are a number of observations that are not encompassed by our current model of cancer metabolism.
First, the former model of cancer metabolism is largely based on studies from in vitro tissue culture conditions, which do not recapitulate the hypoxic conditions present within a naturally occurring tumor ( Fig. 1B; refs. 7-11). Tumor cell adaptation and tolerance of hypoxia are critical features of a robust cancer cell. Compared with most normal tissues, which are well-oxygenated, tumor tissues are generally hypoxic with some more oxygenated areas around poorly formed tumor blood vessels (9) (10) (11) . Although constitutive cell autonomous changes favoring aerobic glycolysis could be advantageous to cancer cells under certain conditions, the presence of tumor hypoxia indicates that adaptive changes are also important, when HIF-1 is not constitutively activated. For example, the activation of HIF-1 in hypoxic conditions not only induces an adaptive metabolic program, but also triggers angiogenesis (11) . In tumors with constitutive activation of HIF-1 downstream of altered oncogenes or tumor suppressors, the adaptive response to hypoxia may not be as relevant; but how constitutive HIF-1 expression, which inhibits normal cell proliferation, permits continued neoplastic cell proliferation remains poorly understood.
Secondly, the commensal relationships among hypoxic and nonhypoxic cells in the tumor tissue are important for tumor neo-vascularization and maintenance, in addition to the cell autonomous genetic changes that initiate the neoplasm. The importance of heterogeneity within a tumor bed and symbiosis between tumor cells was recently underscored by the documentation of hypoxic tumor cells producing lactate that can be recycled and reused as pyruvate for oxidative phosphorylation by the more oxygenated tumor cells (Fig. 1B;  ref. 12) . Another study suggests a symbiotic metabolic relation between tumor and stromal cells. Compared with human lung cancer cells, which express high levels of HIF-1, LDHA, and PDK1, the accompanying tumor-associated stromal fibroblasts have decreased PDK1 and increased PDH. Intermediate trioses yield glycerol-3-phosphate as a backbone for lipids. Pyruvate can be converted to lactate by LDHA, which is a target of Myc and HIF-1. In the presence of oxygen, pyruvate could be further converted to acetyl-CoA (AcCoA) that is further oxidized in the mitochondria through the TCA cycle, which donates high energy electrons (e-) to the electron transport chain (ETC) for the production of ATP and pyrimidine biosynthesis. Citrate transported into cytoplasm from the TCA cycle provides substrate for cytoplasmic acetyl-CoA production, necessary for fatty acid synthesis, which together with glycerol-3-phosphate generate lipids. Glucose-6-phosphate (glucose-6P) can alternatively be catabolized to ribose through the pentose phosphate shunt, which also generates NADPH for redox homeostasis. Glutamine is shown transported into the cell through ASCT2 and converted to glutamate by glutaminase (GLS), which is under the control of MYC through miRNA miR-23a/b. Glutamate is further catabolized to α-ketoglutarate (α-KG) for further oxidation in the TCA cycle. Malate generated from α-ketoglutarate can exit the TCA cycle into the cytoplasm for conversion to pyruvate. B, cartoon depicting a 3-D cutout of a tumor tissue block with a central capillary feeding an inner kernel of cells with oxygen and nutrients. This kernel uses oxidative phosphorylation with glucose and glutamine serving as substrates. As cells proliferate and are pushed away from the blood vessel, an oxygen gradient (O 2 ) is created with a concomitant increase in HIF-1 levels in the peripheral cuff of hypoxic cells, which use glycolysis and perhaps glutaminolysis (conversion of glutamine to lactate). Note that lactate produced by LDHA in the hypoxic cuff is converted to pyruvate by LDHB in the central kernel of cells for oxidation in the mitochondrion (see A).
This finding suggests a commensal relation between tumor and stroma, in which stromal cells may not only undergo oxidative phosphorylation but also recycle lactate released from tumor cells (13) . The microenvironmental heterogeneity of tumor cells, in the backdrop of findings that Myc can stimulate mitochondrial biogenesis, oxygen consumption, and glycolysis, suggests that MYC drives both aerobic glycolysis and oxidative phosphorylation when oxygen is ample in tumor cells located immediately around a blood vessel (14, 15) . When oxygen is limited in cells located distal to the blood vessel, deregulated Myc collaborates with HIF-1 to attenuate mitochondrial respiration, but not necessarily other mitochondrial biosynthetic functions, and to increase glycolysis for adaptation to the tumor microenvironment.
In retrospect, the ability of Myc to induce mitochondrial biogenesis in proliferating cells while inhibiting mitochondrial respiration should not be surprising, because mitochondria not only provide a means for efficient production of ATP in the presence of oxygen, but they also serve as a factory for many other building blocks of a growing cell. These building blocks include pyrimidines, whose synthesis is strictly linked to the electron transport chain via the activity of dihydro-orotate dehydrogenase, the carbon backbone for amino acids, as well as citrate, which is extruded into the cytoplasm and converted to acetyl-CoA for lipid biosynthesis ( Fig. 1A; refs. 14-17). The stimulation of glucose uptake and metabolism by Myc, on the other hand, provide the carbon backbone for critical cellular processes, such as ribose for nucleotide biosynthesis and NADPH through the pentose phosphate pathway for redox homeostasis, triglycerides, and ATP through glycolysis (1) .
The fact that Myc induces mitochondrial biogenesis led us to determine whether Myc could also affect the composition of the mitochondria and alter their function. To this end, we did high-resolution 2-D gel electrophoresis of purified mitochondria from human B lymphocytes with low Myc or high Myc expression (18) . Among the seven proteins that were identified by mass spectrometry as being highly induced by Myc was mitochondrial glutaminase (encoded by GLS). This enzyme catalyzes the conversion of glutamine to glutamate, which can then be converted to α-ketoglutarate as a substrate for the TCA cycle. Because of this observation, we examined genes involved in glutamine catabolism and found that ASCT2 (or SLC5A1) and SLC7A1, both involved in glutamine transport, behave as direct Myc target genes (Fig. 1A) . Given that glutamine influx could be increased by Myc, it is notable that glutamine is not only an energetic and anabolic substrate, but it also provides nitrogen for amino acid and nucleic acid biosynthesis and precursors for glutathione synthesis for redox homeostasis (Fig. 1A) . The Thompson laboratory independently discovered that Myc stimulates glutamine metabolism (19) . As for GLS, however, we found that although the protein levels robustly responded to Myc, its mRNA levels did not vary significantly with changes in Myc levels in a human B-cell line. We therefore hypothesized that Myc regulates GLS at the post-transcriptional level. We then documented that Myc directly represses expression of miR-23a and miR-23b, which both target the 3′-untranslated region (UTR) seed sequence in the GLS transcript to down-regulate its translation (Fig. 1A) . It is notable that GLS transcript levels might also be affected by microRNAs (miRNA), particularly because GLS mRNA levels vary with Myc in fibroblasts (19) . These observations, along with early observations that glutamine deprivation of Myc-transformed human cells triggered apoptosis (20) , indicate that Myc stimulation of glutamine catabolism is part and parcel of its central role in integrating cell proliferation with metabolism.
If Myc stimulates glutamine oxidation and mitochondrial biogenesis as well as glycolysis, then how does aerobic glycolysis and oxidative phosphorylation participate in tumorigenesis and tumor maintenance? We found that the inducible-MYC human B-cell lymphoma model consumes oxygen and glutamine in the presence of oxygen (8, 18) . When oxygen is deprived, however, Myc collaborates with HIF-1 to increase glycolytic enzyme gene expression and attenuate the conversion of pyruvate to acetyl-CoA by PDH through the induction of its negative-regulatory kinase PDK1 (3, 8) . Although there are extant data supporting the existence of the conversion of glutamine to lactate via glutaminolysis, which uses half of the TCA cycle, it is not clear what role glutaminolysis plays in hypoxic cells (1) . Nonetheless, the ability of Myc to stimulate oxidative phosphorylation and glycolysis simultaneously suggests that it offers an advantage to cancer cells in the tumor tissue microenvironment, which consists of both hypoxic regions and more oxygenated regions around blood vessels (Fig. 1B) . In this regard, our rethinking about cancer metabolism must consider the cellular heterogeneity within a tumor, such that Myc confers a growth advantage to tumor cells with adequate oxygen, both by increasing mitochondrial biogenesis and glutamine metabolism for use in ATP production, anabolic carbon and nitrogen sources, and redox homeostasis, and by increasing glucose flux, which provides anabolic carbons for ribose and fatty acid biosynthesis, and produces NADPH. Cells that consume oxygen and proliferate around the tumor blood vessels are pushed into hypoxic regions, which are caused by oxygen consumption by the remaining nonhypoxic cells around blood vessels. The hypoxic cells then induce HIF-1 and adapt or die, unless they already have constitutive expression of HIF-1, which should provide a growth advantage (Fig. 1B) . The proposed model, hence, suggests that the ability of Myc to collaborate with HIF-1 confers a metabolic advantage by inducing high fluxes of glucose through glycolysis, which must be accompanied by a replenishable nitrogen source of substrate for continued nucleotide biosynthesis. In some cases, hypoxic cells cease to proliferate and allow for the ensuing angiogenesis triggered by both HIF-1 and Myc to replenish nutrients and oxygen. Once the new fuel lines are available, the cells could resume proliferating with total disregard to normal external cues. In this fashion, Myc and HIF-1 are both critical tumor maintenance factors, whose target genes could be exploited for therapeutic purposes. LDHA, a transcription target gene common to Myc and HIF-1, is necessary for the transformation phenotype in vitro and tumor maintenance in vivo and is hence an attractive therapeutic target. However, the rethinking of cancer metabolism in the context of the tumor tissue suggests that combinations of multiple agents affecting either glycolysis, glutamine, or both may be necessary for the effective targeting of tumor metabolism for cancer therapy (1, 8) .
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